We investigate the effects of impurity scattering on the conductance of metallic carbon nanotubes as a function of the relative separation of the impurities. First we compute the conductance of a clean (6,6) tube, and the effect of model gold contacts on this conductance. Then, we compute the effect of introducing a single, two, and three oxygen atom impurities. We find that the conductance of a single-oxygen-doped (6,6) nanotube decreases by about 30 % with respect to that of the perfect nanotube. The presence of a second doping atom induces strong changes of the conductance which, however, depend very strongly on the relative position of the two oxygen atoms. We observe regular oscillations of the conductance that repeat over an O-O distance that corresponds to an integral number of half Fermi-wavelengths (mλ F /2). These fluctuations reflect strong electron interference phenomena produced by electron scattering from the oxygen defects whose contribution to the resistance of the tube cannot be obtained by simply summing up their individual contributions.
I. INTRODUCTION
Carbon nanotubes (CNTs) have very interesting electrical properties. Depending on their diameter and helicity it was predicted that they can be semiconductors or metals [1, 2] , and this was confirmed by scanning tunneling spectroscopy [3, 4] . They can also sustain large current densities [5] , and their electrical properties can be modified by doping [6] . These unique electrical characteristics coupled with their high mechanical stability and excellent thermal conductivity make the CNTs ideal candidates for use in nanoelectronics. Several possible applications such as their use as channels in field-effect transistors [7, 8] , single electron transistors [9] , and diodes [10, 11] have already been successfully demonstrated. It is therefore very important that a detailed understanding of electrical transport and energy dissipation in CNTs be developed. In addition to the quantized resistance due to the mismatch of the number of transmission channels in the tube and the metal contacts [12] , additional sources of resistance are provided by the formation of Schottky barriers at the contacts [13, 14] , and by electron scattering from adsorbed or embedded impurity atoms and defects. A number of theoretical studies have appeared on this last issue. These studies have, so far, considered only scattering by individual defects [15] [16] [17] [18] [19] [20] , or, the contributions of a number of defects to the resistance of the tube were treated as being additive [21] . However, one important characteristic of transport in nanotubes is their long coherence lengths, especially at low temperatures. This coherence allows for interference effects involving scattering from the defect sites present in the probed nanotube segment.
Here we investigate two contributions to the resistance of nanotubes. First, we calculate the contact resistance arising from the imperfect coupling of nanotubes with model metal electrodes. Then we concentrate on the resistance produced by substitutional defects. We show that the relative position of defects can have a very important influence on the strength of scattering and on the resulting electrical resistance. Specifically, we calculate the attenuation of the transmission of a metallic nanotube induced by scattering from individual, pairs, and triplets of oxygen defect sites as a function of their relative separation along the nanotube axis. Oxygen atoms are used here as model defects, but are likely to be introduced in nanotubes by oxidative purification of the nanotubes [22, 23] or sonication.
II. COMPUTATIONAL DETAILS
The nanotube model used in the computations contains 948 carbon atoms (96Å long)
forming an armchair (6, 6) nanotube. The bond distance between carbon atoms of the NT is fixed to that in graphite 1.42Å. This tube is bonded with its two dangling bond bearing ends to two metal electrodes [24] . Each electrode is modeled by a layer of 22 gold atoms in a (111) crystalline arrangement. The electrical transport properties of a system can be described in terms of the retarded Green's function [12, 25] . The transmission function is computed by using the Landauer-Büttiker formalism as described in detail in ref. 12 , and the effects of the semi-infinite electrodes are described by self-energies. The Green's function G N T can be written in the form of block matrices separating explicitly the molecular Hamiltonian:
(1) where S N T and H N T are the overlap and the Hamiltonian matrices, respectively, and Σ 1,2 are self-energy terms that describe the effect of the electrodes. They have the form τ † i g i τ i with g i the Green's function for the isolated semi-infinite electrodes [26, 27] , and τ i is a matrix describing the interaction between the NT and the Gold electrodes. The Hamiltonian and overlap matrices were determined using the extended Hückel method (EHM) [28] for the system: Gold-CNT-Gold. It has been shown that EHM gives results similar to those obtained on extended NTs with more sophisticated methods [29] .
The transmission function, T (E), that is obtained from this Green's function is given by [12] :
In this formula, the matrices have the form:
The summation over all conduction channels in the molecule allows the evaluation of the conductance (G(E F )) at the Fermi energy, i.e. for zero bias between the electrodes,
Some of the configurations investigated in our oxygen-doping study are shown at top of 
III. RESULTS AND DISCUSSION
Figure 1(bottom) shows the variation of conductance (G(E F )), in units of 2e 2 /h, for the structurally perfect and oxygen-doped (6,6) nanotubes. The conductance of the perfect tube connected to the two model Au pads is calculated to be 2.3e 2 /h, i.e. about 40% smaller than the expected 4e 2 /h value for a perfect CNT with ideal contacts. [15, 30] This result shows that a sizable in series resistance can be introduced by non-ideal contacts. It is clear that contribution to the resistance of CNTs can obscure their intrinsic resistance quantization [24] . Depending on the nature of the interface, contact resistances can have contributions from many sources of non-ideality such as Schottky barriers or surface roughness. The value of the computed contact resistance (∼ 5 kΩ) in our configuration compares well with contact resistances that can be inferred from experiments involving CNTs end-bonded to metal electrodes [31] .
Substitution of a carbon atom by an oxygen atom further reduces the conductance to about 1.6e 2 /h, a 30% decrease. For comparison, this reduction is similar than that produced by the introduction of a single vacancy which leads to G(E F ) = 1.6 e 2 /h. A 50% reduction in G was calculated using a somewhat different technique for a vacancy in a (4,4) nanotube.
[15] More recently, a decrease of approximately 20% of the conductance at E F was found on a (10,10) tube containing a vacancy with a more sophisticated technique [32] . We note that the reduction of the conductance of an (n, n) tube introduced by a weak scatterer decreases with increasing n [15, 18] .
Introduction of a second doping oxygen atom changes the conductance. Most importantly, the magnitude of the change is not constant but is strongly correlated with the relative position of the second oxygen atom along the nanotube length. In fact, as Figure 1 shows, there is a strong oscillatory dependence of the conductance on the separation between (Fig. 1) . However, the same resonance is not observed when the outer two O atoms, O(1) and O(3) are kept at a distance corresponding to constructive interference, e.g. at 8π/k F , and O(2) is placed between them at a distance corresponding to destructive interference, e.g. at 7π/2k F from O(1). The O(2) atom causes a strong damping of the resonance leading to a G(E F ) of only 0.98e 2 /h.
Next we consider the relation between G(E F ) and the density of states at the Fermi energy, DOS(E F ). The Drude conductivity of solids is proportional to the density of states, and a similar correlation was found by first-principles calculations on molecular wires [35] .
As Fig. 4 shows, introduction of oxygen atoms in the armchair nanotube increases the The behavior of DOS(E F ) in Fig. 4 can be understood by considering the changes in bonding produced by the substitution of a C atom by an O atom. This substitution generates non-bonding states whose center of gravity is near E F . Thus, although there is an increase in DOS(E F ), the conductance does not increase because of the localized nature of these O-induced states. This leads to an anti-correlation between DOS(E F ) and G(E F ).
DOS(E F
Turning to the behavior of the LDOS (Fig. 5) , we note that there is a minimum at the O site when the O-O separation corresponds to a resonance (7π/k F ). This is likely due to the formation of the nodal front of the standing wave between the O(1) and O(2) atoms (Fig. 5C ). The LDOS in Fig. 5D where the O-O separation (15π/2k F ) leads to destructive interference, shows no such minimum.
IV. CONCLUSIONS
In conclusion, we have shown that interference effects involving scattering from pairs of defects in carbon nanotubes and defect-defect interactions can have a strong influence on the electrical resistance of the tubes. Due to the long coherence lengths in carbon nanotubes, the net contribution of a number of scatterers cannot be determined merely by the sum up of their individual contributions.
V. ACKNOWLEDGMENT
We thank François Léonard and Massimiliano Di Ventra for their helpful comments on the manuscript. 
